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Influence of the degree of decoupling of graphene on the properties of transition metal adatoms
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We investigate the adsorption sites of 3d transition metal (TM) adatoms by means of low-temperature scanning
tunneling microscopy and spectroscopy. Co and Ni adatoms were adsorbed on two types of graphene on
SiC(0001), i.e., pristine epitaxial monolayer graphene (MLG) and quasi-free-standing monolayer graphene
(QFMLG). In the case of QFMLG, two stable adsorption sites are identified, while in the case of MLG, only
one adsorption site is observed. Our experimental results reveal the decoupling efficiency as a crucial parameter
for determining the adsorption site as well as the electronic properties of 3d transition metal atoms on graphene.
Furthermore, we show that Co atoms adsorbed on QFMLG are strong scattering potentials for Dirac fermions
and cause intervalley scattering in their vicinity.
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Graphene is a zero-band-gap semiconductor with the Dirac
point (where the conduction and valence bands touch) located
at the Fermi energy (EF).1 In the case of supported graphene,
the position of the Dirac point (DP) with respect to EF can be
affected by the interaction with the underlying substrate, the
application of a gate voltage,2 and chemical doping (e.g., by
adatoms).3 Tailor-made properties are a major aspect in current
research4,5 and offer a possible route toward future graphene-
based devices. However, the knowledge about the properties of
adatoms on graphene is still limited. In particular, 3d transition
metal (TM) adatoms so far have been mainly investigated
by theory6–19 and only few experimental studies have been
performed.20–22 Basic properties such as the adsorption site
and the electronic configuration of 3d TM adatoms have not
been studied yet.

From the viewpoint of theory, there are controversial
predictions for 3d TM adatoms on graphene with respect
to their electronic and magnetic properties. In density func-
tional theory (DFT) calculations,6–10,12–14,16,17 3d TM atoms
prefer to be adsorbed on the hollow site. By means of a
generalized gradient approximation functional with an on-site
Coulomb potential (GGA + U )15,18 as well as in Ref. 11, top
site adsorption was predicted. We note that the adsorption
site strongly affects the calculated electronic and magnetic
properties. In the present study, we pursued experimental
investigations for two types of 3d TM atoms [Co and Ni
(Ref. 23)] on two varieties of epitaxial graphene on SiC(0001).
Different degrees of decoupling of the graphene layers from
the substrate enable us to directly probe the influence of the
properties of the graphene onto the adsorption site of single
atoms. The interaction with the underlying substrate or any
corrugation within the graphene was neglected by theory so
far. As we will show in this paper, the interaction of graphene
with the substrate plays a crucial role for the properties of
single adatoms, and, therefore, these investigations are of
fundamental interest.

The graphene samples were prepared ex situ and prechar-
acterized by angle-resolved ultraviolet photoemission spec-
troscopy. The first type is pristine epitaxial monolayer
graphene (MLG). It grows on top of a carbon buffer layer,
often called zero-layer graphene (ZLG), and is n-doped due

to the influence of the SiC-ZLG interface.24 In contrast, the
second type is a single carbon layer, namely ZLG, that was
decoupled from the SiC substrate by hydrogen intercalation
and, thus, turned into quasi-free-standing monolayer graphene
(QFMLG).25,26 The n-doping influence by the interface is
removed and a slight p-doping develops,26 which was pro-
posed to be due to a surface charge layer in the substrate.27

Prior to low-temperature scanning tunneling microscopy and
spectroscopy (STM/STS) experiments (T ≈ 5 K), the samples
were annealed (≈800 K) in ultrahigh vacuum to remove
residual contaminations. Differential conductance (dI/dU )
spectra were acquired using a lock-in technique with a
modulation voltage of 10 mV and a frequency of 5 kHz.
In STM topographies, the adatom’s position on graphene is
indicated by means of the white lines, which are placed always
on the hollow positions of the graphene lattice. In Fig. 3(b), the
white lines indicate the top position of the graphene’s unit cell.
Co and Ni were evaporated at 12 K using e-beam evaporators.

We discuss the deposition of adatoms on MLG first. In the
case of Ni, we find all adatoms to be adsorbed in hollow sites
[see Fig. 1(b)] in agreement with previous publications.22,28

The Ni adatoms exhibit a characteristic nodal structure which
was related to a selective orbital coupling between Ni 3d

orbitals and graphene states. Due to symmetry considerations,
this feature is exclusively observable for Ni adatoms adsorbed
in hollow sites.22 Figure 1(c) shows Co decorated MLG. In
contrast to Ni, we find top site adsorption for all Co adatoms,
as depicted in Fig. 1(d) and in line with Ref. 28. The Co
adatoms do not show a nodal structure.

Similar experiments were performed for QFMLG as well.
Figure 2 shows QFMLG covered by Ni adatoms. The constant-
current map as well as the line profiles show the presence of two
different adsorbates. NiA exhibits an apparent height of 3.5 Å
and a nodal structure similar to Ni/MLG. Not surprisingly,
the adsorption site of NiA is the same, i.e., a hollow site, as
shown in Fig. 2(b). NiB is adsorbed on the top site with an
apparent height of 3.2 Å and, moreover, does not reveal a
nodal structure; see Fig. 2(c).

Co covered QFMLG is presented in Fig. 3(a). Similar to
Ni/MLG, two types of Co monomers are found. The line profile
in Fig. 3(d) shows different apparent heights and shapes of
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FIG. 1. (Color online) (a) and (c) STM topographies of MLG
covered by Ni and Co adatoms, respectively (U = 0.15 V, I = 0.5 nA
and U = 0.5 V, I = 0.1 nA). (b) and (d) The atomically resolved STM
topographies indicating that Ni atoms adsorb on the hollow site and
Co atoms on the top site on MLG (U = −0.12 V, I = 0.5 nA and
U = −0.5 V, I = 0.3 nA).

the adsorbates. CoA exhibits an apparent height of 2.2 Å, is
adsorbed on a top site [see Fig. 3(b)], and is characterized by
a “Y”-shaped depression on its center. The apparent height of
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FIG. 2. (Color online) (a) STM image of QFMLG after the
deposition of a small amount of Ni atoms at 12 K (U = −0.5 V
and I = 0.1 nA). (b) and (c) STM topographies revealing the
adsorption geometry of NiA and NiB (U = −0.1 V, I = 0.09 nA
and U = −0.05 V, I = 0.09 nA). The adsorption site of Ni atoms
can be manipulated by the STM tip. (d) Line profile along the
line indicated in (a) comparing Ni atoms located on two different
adsorption sites. (e) STS spectra taken on Ni atoms adsorbed on
QFMLG. Tunneling parameters for spectroscopic measurements are
U = 0.4 V and I = 0.05 nA.

CoB is 3.1 Å while it exhibits a uniform shape and is found
to adsorb on a hollow site; see Fig. 3(c). Furthermore, we
investigated the adatoms by means of STS. In the case of CoB,
we found a change of the current at biases of about −0.25 V,
which is marked by the green arrow in the upper panel of
Fig. 3(e). This event goes hand in hand with a change of the
shape and the adsorption site, i.e., CoB changed to CoA. We
note that in the case of Ni/QFMLG, such a switching process
was never observed during STS; cf. Fig. 2(e).

The most striking difference between MLG and QFMLG
concerning the adsorption sites of Ni and Co is the observation
of either a single adsorption site for MLG or two adsorption
sites for QFMLG. Since these results are independent of the
deposited 3d transition-metal adatoms, we have to relate the
different adsorption sites to some of the different properties
of QFMLG and MLG. The QFMLG surface is flat26,29 while
the MLG surface exhibits a commensurate superstructure of
(6

√
3 × 6

√
3)R30◦ periodicity.30 At first glance, this corru-

gation might be considered to be the origin of the different
adsorption sites. For this reason, we investigated the adsorption
sites of Co and Ni atoms within the (6

√
3 × 6

√
3)R30◦ unit

cell. Ni and Co adatoms were always found to be adsorbed on
the same lattice site, independent of the relative position within
the unit cell of the superstructure of MLG. Moreover, Ni and
Co adatoms preserve also the same electronic properties within
the (6

√
3 × 6

√
3)R30◦ unit cell. This is in contrast to adatoms

on the moiré pattern of graphene on Ru(0001),21 which exhibit
different electronic properties in the case of being adsorbed
on hills or valleys. Therefore, we consider the corrugation of
MLG to be a negligible effect on the adsorption behavior and
properties of atoms, even though in Ref. 14 theory predicts
an influence of the curvature of graphene (e.g., nanotubes) on
the adatoms’ properties. The other major difference between
QFMLG and MLG is the electronic structure, as, for instance,
has been demonstrated by transport measurements.31–33 In the
case of QFMLG, the topmost Si atoms are terminated by H
atoms, so that the substrate should exhibit a large band gap
similar to bulk SiC. In contrast, the electronic structure of MLG
is strongly affected by the electronic states arising from the
ZLG-SiC interface.26,34 This distinct difference between the
substrates is the reason for the varying decoupling efficiencies,
i.e., electronic properties, of MLG and QFMLG. Since the
atomic structure of both types of graphene is identical, we
relate the different adsorption sites of 3d TM atoms, i.e., one
(two) adsorption site(s) on MLG (QFMLG), to these different
electronic properties.

In the following, we discuss our experimental results in
view of already existing theoretical studies. For free-standing
graphene, Wehling et al.18 predicted different ground states
of Co adatoms. Depending on the assumed on-site Coulomb
potential (U ), DFT calculations result in either hollow site
adsorption with a 3d94s0 configuration (U = 0 eV) or top site
adsorption with a 3d84s1 configuration (U = 4 eV). In contrast,
Rudenko et al.19 studied Co adatoms by means of a complete
active space self-consistent-field approach. This study found
two stable configurations for Co adatoms located on the hollow
site but at different heights. The corresponding electronic
configurations are 3d74s2 and 3d94s0. Both theoretical models
lack an explanation for the coexistence of hollow and top
site adsorption on QFMLG. This sample system represents an
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FIG. 3. (Color online) (a) Topographic image of two types of Co
monomers on QFMLG (U = 0.3 V and I = 0.1 nA). (b) and (c)
STM topographies indicating top site and hollow site adsorption in
the case of CoA and CoB, respectively (U = −0.3 V, I = 0.1 nA
and U = 0.3 V, I = 0.1 nA). (d) Line profile across CoA and CoB

adatoms presented in (a). (e) Set of I and dI/dU spectra recorded
on QFMLG and Co impurities. Tunneling parameters for STS are
I = 0.07 nA, U = 0.3 V.

efficiently decoupled graphene layer and is supposed to exhibit
properties close to those of unsupported graphene treated by
theory. However, using U = 4 eV, Wehling et al. correctly
predict the adsorption site for MLG. In the case of Ni adatoms,
Wehling et al. obtained hollow site adsorption and a 3d104s0

configuration independent of the on-site Coulomb potential.
These results fit well our experimental findings. The STS
curves measured on NiA and NiB are similar; they do not
show any peaks and only differ in the intensities of the dI/dU

signals due to different apparent heights of the adatoms in
STM measurements. In the experiment, we find differences
of the apparent heights of about 0.3 Å for Ni and 0.9 Å for
Co on QFMLG. The value for Ni is in perfect agreement with
calculations.18 In contrast, the value for Co is about twice
the calculated value. We relate this discrepancy to different
electronic properties of CoA and CoB on QFMLG.

So far, the discussion focused on the properties of 3d TM
adatoms influenced by the properties of graphene. Another
important aspect is the influence of the adatoms on the
properties of graphene. Figure 4(a) reveals an interference
pattern in the vicinity of several Co adatoms on QFMLG. This
superstructure is confined to an area with a diameter of ≈3 nm
around the adatoms. The pattern is analyzed by means of a fast
Fourier analysis (FFT) of the STM topography as depicted
in Fig. 4(b). The six outer spots, marked by yellow circles,
originate from the hexagonal graphene lattice. The six inner
spots correspond to a (

√
3 × √

3)R30◦ superstructure. Such a

FIG. 4. (Color online) (a) Three-dimensional STM image of
QFMLG revealing a (

√
3 × √

3)R30◦ pattern in the vicinity of CoA

adatoms (U = −0.3 V and I = 70 pA). (b) 2D-FFT analysis of
the STM topography. Yellow circles indicate spots of the graphene
lattice. The inner spots are related to intervalley scattering of electrons
between nonequivalent Dirac cones. Its periodicity is 3.7 Å, equal to
the wavelength λF = 2π/kF = 3a/2, where a is the graphene lattice
constant.

structure was observed before and was related to an intervalley
scattering of the Dirac fermions of graphene.35,36 In this
process, an electron is scattered between Dirac cones at two
inequivalent K points within the Brillouin zone (K and K ′).
Such a scattering is induced and only allowed by a local
symmetry breaking which manifests the impact of the adatoms
on the graphene’s electronic structure.

Interestingly, the intensity of the scattering pattern is
lower for Co adatoms on hollow sites than on-top sites,
while the pattern is not visible for Ni adatoms on QFMLG
independent of the adsorption site. Hence, we relate the
scattering strength to the different electronic properties of
the investigated adatoms. Ni was calculated to exhibit a 3d10

configuration independent of the adsorption site while a 3d9

and a 3d8 configuration was computed for Co adatoms on
hollow and top sites, respectively.18 Thus, we suggest that
the valence state of the adatoms has a strong impact on
the strength of the scattering potential. We note that in the
case of MLG, no intervalley scattering was observed for TM
adatoms. Whether the absence of a scattering pattern in the
constant-current maps is related to the degree of decoupling
or to the corrugation superimposed by the carbon buffer layer
could not be determined.

In summary, we studied Co and Ni adatoms on two different
model types of graphene on SiC(0001) as representatives for
a stronger coupling to and decoupling from the substrate,
respectively. We found that the adsorption geometry of Co
and Ni atoms depends on graphene’s electronic structures
induced by the different degree of decoupling. In the case
of QFMLG, the adatoms can be adsorbed on hollow and top
sites of the graphene’s lattice, while in the case of MLG, only a
single adsorption site is observed. These experimental findings
disagree with recent theoretical predictions. Thus, theoretical
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investigations, which include the influence of the substrate, are
highly desirable. Moreover, the experimental results indicate
an adsorption-site-dependent electronic configuration of Co
atoms while Ni atoms have always the same electronic
configuration, i.e., predominantly 3d10. This is in agreement
with calculations revealing different electronic configurations
of Co adatoms for different adsorption sites.18 The different
electronic properties explain the intensity variation of the
intervalley scattering in the vicinity of adatoms on QFMLG as

well. The (
√

3 × √
3)R30◦ interference pattern is the strongest

in the case of Co atoms on top sites, while it is not observed
in the case of Ni atoms with a fully occupied d shell.
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